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T ∞ free streams temperature, K, u velocity component in x , m/s, u dimensionless velocity in x, v velocity component in y , m/s, v dimensionless velocity in y, x coordinate along the surface, m, x dimensionless coordinate in x , y coordinate normal to the surface, m, y dimensionless coordinate in y , z 1 , z 2 , z 3 , z 4 , z 5 
variables, eq (18)
Greek Symbols θ function defined in eq (5), dimensionless,  coefficient of thermal expansion, 1/K, α thermal diffusivity, m 2 /s,  kinematic viscosity, m 2 /s, ψ stream function, m 2 /s, ρ density, kg/m 3 , ρ ∞ free stream density, kg/m 3 ,  conjugate parameter, dimensionless,
Introduction
There have been a number of studies on natural convection over a sphere, vertical and horizontal plate due to its relevance to a variety of industrial applications and naturally occurring processes, such as solar collectors, pipes, ducts, electronic packages, airfoils, turbine blades etc. Convection about a sphere has been reported by a number of researchers in the last two decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The problem is also discussed in several text books [11] [12] [13] .
In the present numerical investigation, a simple accurate numerical simulation of laminar free-convection flow and heat transfer at the lower stagnant point of a sphere is developed.
The paper is organized as follows: Mathematical model of the problem, its solution procedure, development of code in Matlab, interpretation of the results along with comparison with previous works available in literature.
Mathematical Model
We consider a heated solid sphere immersed in a quiescent fluid. We assume the natural convection flow to be steady, laminar, two-dimensional, no dissipation, and the fluid to be Newtonian with constant properties, including density, with one exception: the density difference     is to be considered since it is this density difference between the inside and the outside of the boundary layer that gives rise to buoyancy force and sustains flow. (This is known as the Boussinesq approximation.) We take the distance along the surface of the sphere from the lower stagnant point to be x and the direction normal to surface to be y , as shown in Figure 1 .
Fig. 1 Physical Model and its coordinate system
The equations governing the flow are
3) The boundary conditions on the solution are:
where r x ( ) is the radial distance from the symmetrical axis to the surface of the sphere. We now introduce the following non-dimensional variables:
where
, is Grashof number.
In terms of these new variables, eqs (1) . (2) and (3) can be written as
, is Prandtl number. The boundary conditions (4) become
, is conjugate number. The continuity equation (1) is automatically satisfied through introduction of the stream function  where
(10) Again, we introduce the following variable
Substituting the expressions (10) and (11) into eqs (7) and (8), we then obtain (with a prime denoting differentiation with respect to y)
The appropriate boundary conditions are:
(14) At the lower stagnant point o, of the sphere, x=0 and eqs (12) and (13) reduces to the following equations:
The boundary conditions (14) become
  (19) with the following boundary conditions:
(20) Eq (15) is third-order and is replaced by three first-order equations, whereas eq (16) is second-order and is replaced with two first-order equations.
Solution to Initial Value Problems
To solve eqs (19), we denote the two unknown initial values of  f and  by a 1 and a 2 respectively, the set of initial conditions is then: (21) are solved with adaptive Runge-Kutta method using the initial conditions in eq (21), the computed boundary values at y=∞ depend on the choice of a 1 and a 2 respectively. We express this dependence as
The correct choice of a 1 and a 2 yields the given boundary conditions at y=∞; that is, it satisfies the equations f a
(23) These nonlinear equations can be solved by the Newton-Raphson method. A value of 10 is fine for infinity, even if we integrate further nothing will change.
Program Details
This section describes a set of Matlab routines for the solution of eqs (19) along with the initial conditions (21). They are listed in Table 1 . 
Interpretation of the Results

Dimensionless Velocity and Temperature Profiles
Physical quantities are related to the dimensionless functions f and  through eqs (5), (10) and (11) . The complete numerical solution of eqs (15) and (16) for three different values of Prandtl number, Pr=0.7, 7, 100 and a fixed value of conjugate number, γ=0.1 is given in Table 2 . From this we can find all the flow parameters of interest to the lower stagnant point of a sphere. Table 2 illustrates the computed values of the skin friction coefficient  f ( ) 0 and the surface temperature ( ) 0 at the lower stagnation point of the sphere, x=0, when Pr= 0.7, 7, 100 and γ=0.1 for the present study as well as the numerical work by Alkasasbeh et al. [10] . The agreement is excellent. 
Comparison of present results with previous work
Conclusion
In the present numerical simulation, laminar convection flow and heat transfer at the lower stagnation point of a solid sphere is presented. Details of the solution procedure of the nonlinear partial differential equations of flow and heat transfer are discussed. The computer codes are developed for this numerical analysis in Matlab environment. Complete numerical solutions for fluid flow and heat transfer at the lower stagnant point of the sphere are presented for Prandtl numbers of 0.7, 7 and 100 (corresponding to air, water and engine oil) at a fixed conjugate number 0.1. Typical velocity and temperature profiles for these parameters are also illustrated graphically. A good agreement between the present results and the previous works indicates that the present numerical simulation may be an efficient and stable numerical scheme in natural convection.
